MONITORING CHANGES OF CLOUDS

WILLIAM B. ROSSOW
NASA Goddard Institute for Space Studies, New York, NY 10025, U.S.A.

and

BRIAN CAIRNS
Columbia University, New York, NY 10027, U.S.A.

Abstract. An analysis of the spatial and temporal scales of cloud variability and their coupling
provided by the results from existing cloud observing systems allows us to reach the following
conclusions about the necessary attributes of a cloud monitoring system. (1) Complete global coverage
with uniform density is necessary to obtain an unbiased estimate of cloud change and an estimate of
the reliability with which that change can be determined. (2) A spatial sampling interval of less than
50 km is required so that cloud cover distributions will generally be homogeneous, or statistically
homogeneous, within a sample. (3) A sampling frequency of at least six times a day ensures not only
that the diurnal and semi-diurnal cycles are not aliased into long term mean values, but also that
changes in them can be monitored. (4) Since estimated climate changes are only evident on a decadal
time-scale, unless cloud monitoring is continuous with a record length greater than 10 years and has
very high precision (= 1%) instrument calibration with overlapping observations between each pair
of instruments, it will not be possible either to detect or to diagnose the effects of cloud changes on
the climate.

1. Introduction

Proper monitoring of changes in clouds that can feedback on climate changes must
account for the large variety of cloud characteristics and their complex space-
time variations. Because clouds on Earth are formed by condensation of water
vapor, their variations are under control of and exhibit similar variations as the
atmospheric motions (e.g., Rossow, 1978). The key characteristics of atmospheric
motions are that they vary over a large range of space-time scales and that variations
at particular space-time scales are coupled. Thus, clouds vary on time scales from
~ 10 min to (at least) ~ 10 yr and on space scales from ~ 30 m to ~ 40,000 km;
but the smallest/largest time scales are associated with the smallest/largest space
scales (Figure 1). Once we know something about the spectrum of cloud variations
with scale, we can design an observing system to monitor cloud changes that is
not a ‘brute force’ approach that simply resolves the smallest scales and covers the
largest scales. In fact, the coupling of space-time scales makes this approach very
impractical, requiring global images at 5 min intervals with a spatial resolution of
15 m. However, we need to do more than merely detect change; rather we need to
be able to evaluate the effects of such changes on the climate, which requires more
detailed observations than needed for change detection.

The shapes of the distributions of cloud properties are not even approximately
Gaussian (Rossow and Schiffer, 1991). Surface and satellite determinations of
cloud areal coverage both show that the distribution of this quantity is bi-modal
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Fig. 1. Schematic of spatial and temporal scales associated with Earth system processes.

at smaller (< 200 km) spatial scales (Figure 2). The optical thickness (or water
content) distribution is monomodal, but very asymmetric with the largest values
occurring very rarely and being more than 40 times larger than the most frequently
occurring values (Figure 3a). When plotted on a scale that is linear in the radiative
effect of cloud optical thickness (Figure 3b), the distribution is very broad but
still shows a preponderance of optically thin clouds. The distribution of cloud top
pressures viewed from satellites (Figure 4) is almost uniform over the range from
300 to 800 mb with a weak concentration at higher values (more low-level clouds).
Obscuration of lower level clouds by higher clouds reduces the concentration
at lower levels somewhat. There is also a small secondary concentration near
the tropopause (100 mb) but the reality of this feature is uncertain (Liao et al,
1995a, b).
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Fig. 2. Frequency distribution of cloud amounts in each octa (12.5%) over land from individual
surface observations (dashed line) and the ISCCP analysis (solid line) for January 1984, July 1985
and October 1986. The ISCCP analysis is for areas about 280 km across and the surface observations
represent areas about 50 km across. Fractions of total population in percent in each cloud amount
interval are indicated by numbers near the top of each bar.

These one dimensional distributions (Figures 3 and 4) are misleading because
the variations of these two basic cloud properties are correlated, producing more
complicated structures that can be described in terms of the occurrence of different
cloud types (Rossow and Schiffer, 1991). Figure 5 contrasts the distributions of
cloud properties in the tropics, subtropical oceans and midlatitudes. Since the
effects of clouds on the planetary radiation budget and hydrological cycle are
strongly non-linear functions of these cloud properties, the dominant cloud types
in the radiation budget are not the dominant clouds in the hydrological cycle. The
most frequently occurring clouds are lower-level and lower optical thickness, so that
they dominate the radiation budget on average (Rossow and Zhang, 1995); whereas
the key cloud types in the hydrological cycle are the relatively rare precipitating
systems characterized by high optical thicknesses and high top heights (Lin and
Rossow, 1994). Moreover, the relation of cloud properties to atmospheric motions is
more likely to involve variations of cloud types expressed as correlated changes in
several cloud properties (cf. Lau and Crane, 1995). Thus, cloud changes cannot be
adequately described by an average and standard deviation of the cloud properties,
determined separately; rather cloud changes must be described by correlated
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Figs. 3(a)—~(b). Frequency distribution over the whole globe of: (a) cloud optical thickness for April
1988; and (b) cloud spherical albedos (proportional to optical thickness count values in the ISCCP

dataset) for April 1987 from ISCCP. In (a) individual values have been averaged over regions about
280 km in size, but in (b) the distribution of individual values is shown directly.
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Fig. 4. Frequency distribution over the whole globe of cloud top pressure (in millibars) inferred by

ISCCP every three hours in April 1988. Individual values have been averaged over regions about 280
km in size.

changes in the shapes of the distributions of cloud properties, e.g., changes in
amounts of cloud types.

Since the effects of cloud changes on the radiation and hydrological budgets
also vary with the environment in which the cloud occurs; monitoring must also
describe changes in the geographic distribution of clouds. For example, a shift of
cloud cover from land to ocean without changing the total would alter the radiation
budget. Moreover, systematic diurnal and seasonal changes in solar radiation and
atmospheric temperature also alter cloud effects on the radiation and hydrological
budgets, so that monitoring must also describe the distribution of clouds relative to
these two time scales. For example, a shift of cloud cover from day to night or from
winter to summer without changing the total would alter the radiation budget. In
fact, any significant correlation of cloud variations with systematic variations of the
atmosphere and surface can be crucial to determining their effects on the climate
because such variations would change the radiative and latent heating/cooling that
drives the atmospheric circulation. That cloud variations are, themselves, controlled
by the atmospheric motions guarantees that many such correlations are possible.
These complex correlations give rise to the possibility of many feedbacks of clouds
on the climate, making their determination crucial to accurate projections of climate
change.

The advent of a new global, long-term satellite cloud climatology, produced by
the International Satellite Cloud Climatology Project (ISCCP), makes possible the
systematic investigation of the cloud variations, including changes in cloud cover,
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Fig. 5a.

top height (or pressure) and optical thickness (Rossow and Schiffer, 1991), over a
very large range of space and time scales. These parameters are the main quantities
governing the effects of clouds on Earth’s radiation budget and are related to the
main quantities that determine the role of clouds in the hydrological cycle. In
particular, the cloud optical thickness, which is being measured systematically for
the first time by ISCCP (cf. Rossow and Lacis, 1990), is a function of the cloud
water content and vertical extent. This comprehensive dataset can also be used to
draw together many previously isolated results to examine the full range of cloud
variability. We review what is known about smaller scale cloud variations and
illustrate some of the larger scale changes using the ISCCP dataset to determine
the necessary characteristics of a cloud monitoring system.
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2. Characteristics of Cloud Observing Systems

Clouds have been observed from the surface, from instrumented aircraft, and,
most recently, from satellites. Each of these systems has characteristic space-time
sampling patterns. Rawinsondes (Elliot and Gaffen, 1991; Gaffen et al., 1991) and
most lidars (cf. Sassen, 1991) provide vertical profiles at one point. The former
are typically launched only once every 12 hr while the later make measurements
with time resolution better than 10 s but only for short periods of time. Surface
weather observers (Warren et al., 1986, 1988) and typical radiometers and cameras
describe the horizontal variations of clouds over a domain that is approximately
30-50 km across (Barrett and Grant, 1979). Most such data are available with time

[181]



312 WILLIAM B. ROSSOW AND BRIAN CAIRNS

DISTRIBUTION OF CLOUD PROPERTIES

JAN 1984 TOTAL 30°-60°N

50 . l

180 | /
- | —
m -
Z 310 \/

3
i - (
®» 440 /
# )
o H 5 7
o
S 560+ ‘
(’Z_) L
(]
3 J
-1 680
[(&]
- S U
800} e :
9
< ‘5\
10005 1.3 36 9.4 23 125
CLOUD OPTICAL THICKNESS
Fig. 5c.

Figs. 5(a)—(c). Two dimensional frequency distribution of cloud top pressure and optical thickness
for three latitude zones: (a) the tropics between 0-15° N during July 1983; (b) subtropical oceans
between 15-30° S during July 1983; and (c) northern midlatitudes between 30-60° N during January
1984. Contours indicate relative frequency with a peak value of 10.

resolutions of at least 3 hr. Radars (e.g., Houze et al., 1989; Kropfli et al., 1995)
often scan a volume about 50-200 km across by 10-20 km deep with very high time
resolution, though these data are not systematically analyzed. The major limitation
of surface-based cloud datasets is that they are predominantly from populated
land areas, leaving large portions of some continents and the oceans unobserved
(Warren et al., 1986, 1988). Collection of ship observations over many decades have
probably provided accurate information for most of the northern hemisphere ocean,
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however. Thus, surface cloud observations can be approximately characterized
as providing long time records of point-like measurements with relatively high
time-space resolution and relatively complete coverage of most land areas but
incomplete global coverage. The only surface-based observations that have been
analyzed systematically are surface weather observer reports (Warren et al., 1986,
1988; Hahn et al., 1994).

Aircraft can provide in situ cloud measurements with fairly high spatial reso-
lution and can cover somewhat larger areas (~ 500 km) than observed from the
surface; however, their spatial sampling is much poorer unless many aircraft work
together and their time sampling is usually equivalent to a single sample. Aircraft
can be used to probe either vertical or horizontal structures, but multiple aircraft
are required to do both at the same time. Few systematic analyses of observations
from a large number of aircraft cloud observations have been undertaken (cf., Cox
etal., 1987).

Satellite instruments more easily cover the largest space and time scales and
provide a variety of cloud measurements (Rossow, 1989). Satellites in polar orbits
can provide complete global coverage, albeit with relatively low time resolution
(= 12 hr for a single orbiter). On the other hand, satellites in geostationary orbit
can provide very high time resolution (= 15-30 min) over large areas; four to
five such satellites can cover most of the globe up to latitudes of about 55° in
each hemisphere. Spatial resolution is highest for the imaging radiometers: image
pixel sizes for weather satellites range from 1-5 k. Although satellites intended
to study land surfaces have resolutions of 10-30 m, such data are rarely collected
and analyzed for the whole globe. The coupling of the space-time scales of cloud
variations constrains the meaningful resolution of satellite observations (Salby,
1989). A polar orbiting instrument with a sampling of about 12 hrs can only
meaningfully describe cloud variations on spatial scales > 1000 km. An instrument
in geostationary orbit with a time resolution of 30 min can describe cloud variations
down to spatial scales ~ 5 km but cannot view scales > 5,000 km.

One interesting point regarding the issue of coupling of space-time scales is
whether randomized sampling might provide a practical compromise between high
resolution and aliasing. Theoretically, if truly random sampling in space and time
were possible with a satellite observing system, unaliased estimates of the measured
quantities could be obtained, but at the expense of substantially increased noise
in the estimates of monthly mean quantities (Gaster and Roberts, 1977). This
statement should be qualified by noting that most analyses of such issues presume
that sampling is truly random, a Poisson point process, or a renewal process
(Shapiro and Silverman, 1960), which would not be strictly true for a satellite
observing system. Random sampling does not, therefore represent a universal
panacea, particularly if noise is a concern.

Several comprehensive satellite cloud datasets now exist (Stowe et al., 1988,
1989; Rossow and Lacis, 1990; Mokhov and Schlesinger, 1993, 1994), but the
ISCCP datasets are higher resolution and report more cloud properties (Rossow
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Fig. 6. Two dimensional frequency distribution of the difference between ISCCP and sur-
face-observed estimates of cloud amount and the corresponding ISCCP cloud amount. Contours
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and Schiffer, 1991). The ISCCP climatology is global, covers eight years at present,
and has a space-time resolution of 30 km — 3 hr.

3. Characteristic Variations of Clouds

Comparison of cloud cover fractions determined at two different spatial scales, one
about 50 km and one about 280 km, shows a trifurcation of the difference distribu-
tion (Figure 6)) when plotted against the cloud fraction from either source (Rossow
et al., 1993). The cases forming the two slanting branches are caused by stratiform
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cloud types that either completely or partially cover the larger area observed from
satellites and appear as either completely clear or completely overcast skies in the
more ‘point-like’ surface observations. In other words, the cloud cover is partial
only at larger scales. Since the location of the surface observer is essentially ran-
dom within the larger domain, the disagreement between the two measurements is
almost always the maximum possible when the larger area is only partially covered.
The cases forming the horizontal branch with near-zero differences are caused by
‘broken’ cloud types that produce partial coverage at smaller scales. In this case, the
disagreements between the two measurements appears random with little bias. The
relative proportion of these groups is consistent with the populations of stratiform
and cumuloform cloud types reported in surface observations over land (Warren
et al., 1986). This result implies significant numbers of clouds with sizes < 50 km
and > 280 km. The practical limitations on surface and aircraft observations, as
well as the cost of analysis of very high resolution satellite imgaes, has tended to
divide cloud studies into those considering scales smaller than about 200 km and
those considering larger scales.

3.1. SMALLER SCALE VARIATIONS

Many studies of the smaller scale structure of clouds have focused on the possible
biases in estimating fractional cover using ‘low’ resolution satellite instruments.
A recent study by Wielicki and Parker (1992) using LANDSAT images with a
spatial resolution of 28 m shows that highly broken marine boundary layer clouds,
characterized by size distributions with broad peaks in the range between 0.5 km
and 5 km, are also characterized by a continuum of optical thicknesses (see also
Cahalan et al., 1994). There is also a tendency for the average optical thicknesses
to increase as the average cloud cell size increases. In another study, lower average
values of cloud cover (<0.3) are found to be associated with more frequent occur-
rence of lower optical thicknesses (Harshvardhan ez al., 1994). Consequently, the
overestimate of cloud cover by counting cloudy pixels in lower resolution satellite
images is partially offset by the failure to detect some of the optically thinner
clouds (Wielicki and Parker, 1992). This means that the cloud detection threshold
can be tuned for a particular type of cloudiness to obtain accurate cloud cover. The
key implication of this result is that smaller scale cloud variations may be more
appropriately considered in terms of variations of optical thickness, where clear
sky is associated with the lowest value, rather than in terms of discrete objects with
distinct and well-defined boundaries.

Cloud size distribution studies at spatial scales < 200 km have focused predom-
inantly on marine boundary layer cloudiness (however, see Parker et al. (1986) for
a study of land boundary layer clouds and Kuo et al. (1988) for a study of cirrus
clouds). The size distributions are generally continuous power laws with negative
exponents < —1 and often exhibit changes in slope in the size range from 0.5 km
to 5 km that have been described as ‘peaks’ (Cahalan and Joseph, 1982; Parker
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et al., 1986; Wielicki and Welch, 1986; Welch ef al., 1988: Joseph and Cahalan,
1990, Sengupta et al., 1990; Weger et al., 1992; Zhu et al., 1992; Weger et al.,
1993; Lee et al., 1994). These distributions are generally such that most of the area
is occupied by the larger clouds {(exponent > —2), except at scales smaller than the
‘peak’ scale, where the exponent approaches —3. Moreover, clustering also appears
to be common. Organization of the smaller cloud elements into clusters ~ 10-50
km in size suggests influence by the boundary layer dynamics. The study by Lee et
al. (1994) also shows clustering at scales < 3 km, which they interpret as reflecting
the dynamical forcing for convection. At intermediate scales (3—10km), the spatial
distribution appears random. In these particular results, the radiance threshold is
selected at the median reflectivity, so that it is optical thickness variations that are
being examined. The fact that the spatial distribution and size of the clusters resem-
bles that of the larger cloud elements suggests instead that the clusters containing
very small (< 1 km) elements are dissipating forms of the larger clouds. Since all
of these studies are based on analyses of single images, the size spectra mix newly
formed, mature and decaying clouds together in a way that may be misleading.
There have been no studies that examine the correlation of the space and time
variations of clouds at these smaller scales.

A key characteristic of these highly broken boundary layer clouds with very
small elements may have been missed because all of the studies cited above
use single views of domains that are only 100-200 km in size (the LANDSAT
scene size). This characteristic was suggested by the sampling study of Seze and
Rossow (1991a, b), where the radiance variation statistics of such clouds from 5
km resolution satellite images were compared with statistics from the same data
sampled to spatial intervals of 30 km (like the ISCCP dataset). The quantitative
similarity of these statistics was explained by assuming that such small-scale broken
clouds tends to occur in ‘fields’ that are large enough (many hundreds of kilometers)
that the sampled dataset still contains a sufficient sample to portray the variation
statistics accurately. This conclusion requires that the small scale statistics be
homogeneous over the larger spatial scale of the whole cloud field. That this might
be true is suggested in the study of Lee et al. (1994), where the positions of
the clouds and cloud clusters become essentially random at scales > 5 km. This
conclusion needs further confirmation, but it explains the ability of the sampled
ISCCP dataset to describe cloud amounts even for broken cloud types (Rossow ez
al., 1993).

In general, the depth of the troposphere is only 1015 km, so that typical cloud
horizontal dimensions are far larger than their vertical dimensions, i.e., clouds form
layers. Even the smaller boundary layer clouds tend to have vertical extents that are
smaller than their horizontal dimensions. The dynamic coupling of atmospheric
vertical structure to the horizontal distribution of clouds is often neglected in
small scale studies, even though the boundary layer depth may well determine
the horizontal size spectrum of the clouds over land and ocean (Kaimal et al.,
1976; Nicholls, 1989). An additional important feature of cloud vertical structure
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is the frequent occurrence of multiple layer clouds. Surface observations suggest
that at least half of cloud occurrences involve two layers (Warren ef al., 1985). A
preliminary analysis of a limited rawinsonde dataset reaches a similar conclusion
and notes that the typical separation distance of these two layers is of the same
order as the average layer thicknesses (Wang and Rossow, 1995).

In the time domain the most important, coherent, high frequency variation of
clouds is the diurnal cycle (Hendon and Woodbury, 1993; Salby et al., 1991;
Cairns, 1995). This is demonstrated in Figure 7 where we show the power spectra
of cloud top pressures for the zonal average at a latitude of 45° N and for a
single small region (~80,000 km?) in southwest Europe at the same latitude. It is
apparent from Figure 7b that mesoscale variability provides much more localized
variability than the diurnal cycle. However mesoscale variability does not have
the same global temporal coherence that the diurnal variations do. This is shown
by Figure 7a where mesoscale variability is suppressed in this large scale average
compared with the diurnal cycle. Thus, although the local variability explained by
the diurnal cycle may not be as great as mesoscale variability, the spatially coherent
phase of the diurnal cycle (Cairns, 1995) means that it is of particular importance
when considering the sampling issues relevant to monitoring. The spectra shown
in Figure 7 are estimated using a multitaper method with five windows and their
variance is therefore well estimated by a chi-square distribution with ten degrees of
freedom (Thomson, 1990). Since the spectra are logarithmically plotted the reader
can readily estimate confidence intervals that apply to any frequent point (Priestly,
1981). The only significant line components in these spectra are the diurnal and
semi-diurnal components.

A better understanding of the smaller scale temporal variability of clouds and
their regional variations can be obtained from an EOF analysis of global, daily
mean maps of cloud amount, optical thickness and cloud top pressure. Using a 90-
day record from boreal spring, we find that local day-to-day variations account for
about 60% of the variability, more than the time-mean regional variations; however,
these rapid time variations mostly form a ‘noise-like’ distribution of principal
components, each of which only explains 1-2% of the variance. This indicates
little global coordination of the higher frequency (daily) cloud variations.

As already suggested in Figure 7, the diurnal cycle is the strongest coherent
variation of clouds on time scales less than one season. The relative importance of
the diurnal variations compared with lower frequency fluctuations can be evaluated
by fitting a model, consisting of a mean, a diurnal and a semi-diurnal component,
to the seasonally averaged diurnal variation of clouds from the ISCCP dataset.
Although there is some variation in the relative strength of the three terms for
different seasons and cloud types, approximately 75% of the global cloud variation
is explained by the seasonal mean, 15% is explained by the diurnal component, and
5% is explained by the semi-diurnal component (Cairns, 1995). The magnitude and
phase of the diurnal cycle are highly variable with location and the diurnal cycle is
not a simple harmonic oscillation (Kondragunta and Gruber, 1994; Cairns, 1995).
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Low cloud amount over land has a well-defined diurnal maximum near 1330 Local
Standard Time (LST), while over oceans there is broad maximum near 0800 LST.
The amplitude of low cloud variation is approximately 10-15% over land areas, but
only a few percent over oceans (Carlson et al., 1995). Middle-level cloud amount
has a maximum at around 0500 LST over tropical land areas while high cloud
amount peaks between 1800 LST and midnight. Over oceans in the convergence
zones (Intertropical — ITCZ, South Pacific — SPCZ, South Atlantic — SACZ), high
cloud amount is maximum in early evening (1600 to 2000 LST), but there is
also an early morning maximum in deep convective clouds (Fu et al., 1990). The
amplitude of diurnal variations of middle- and high-level clouds are generally <5%
on average (Carlson et al., 1995). The principal seasonal variation in the geographic
distribution of larger diurnal amplitudes is for the summer hemisphere to have the
stronger diurnal cycles. The asymmetry of the diurnal cycle, its varying phase with
cloud type, and its amplitude and phase variations with location all emphasize
the importance of proper sampling of this time scale in any cloud observations to
prevent aliasing of these scales into low frequency variability.

3.2. LARGER SCALE VARIATIONS

Figure 2 shows that the cloud amount frequency distribution is bimodal, even at a
spatial scale of 280 km (equivalent to 2.5° latitude-longitude at the equator), and
that 15% of cloud systems are large enough to completely cover an area of this
size (Figure 2 shows observations over land; over ocean more than 30% of clouds
are large enough to completely cover 280 km areas — Rossow and Schiffer, 1991).
Figure 8 shows the evolution of the ISCCP cloud amount frequency distribution
in three latitude zones as the observations are averaged over progressively larger
areas. In the tropics (Figure 8a), a nearly monomodal distribution with a peak near
50% is apparent when the observations are averaged over 10° latitude-longitude;
however, there are still occurrences of complete overcast even at this scale (=~ 1100
km). In northern midlatitudes a mode at about 75% only appears in the distribution
averaged over 20° , but completely overcast cases are still frequent (Figure 8b).
In southern midlatitudes where average cloud amount is very high, there is only
a suggestion of a mode at 90% in the distribution averaged over 20° (Figure 8c).
The monomodal distribution shape appears at a smaller scale in the tropics than in
midlatitudes, but all distributions begin to exhibit this shape at a scale of ~ 2200
km.

A complementary way to examine the large scale variability of clouds is to
look at the spatial spectrum around a latitude circle (Zangvil, 1975): Figure 9
shows representative spectra at the equator, 30° N and 45° N. Each spectrum is
formed from 100 realizations, which are the 3 hr ISCCP maps of cloud amount
for the winter season of 1987-1988, and estimated using a multi-taper method
(Thomson, 1990). The gross behavior of the spectrum is a power law with an
exponent near —2; the —5/3 line representing a Kolmogorov turbulence spectram
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Fig. 10. Circular autocorrelation functions of ISCCP cloud amount variations averaged in a Z-statistic,
where Z = 0.5log. [(1+r)/(1-r)], over 100 ‘snapshots’ at three hour intervals for the equatorial zone
(solid line), at 45° S (dashed line) and at 45° N (dash-dot line).

is shown for reference. The power law appears to break down at an outer scale
of &~ 5000 km. Another way to examine the higher frequency behavior of cloud
amount is through the circular function, which is shown for the equator and 45° N
and S in Figure 10. These correlation functions are also the averages of 100
realizations at 3 hr time resolution. At the equator the correlation length scale is
~ 1000 km, but at midlatitudes it is only = 750 km and = 500 km in the north
and south, respectively. Despite the somewhat smaller size of cloud systems in
the tropics suggested by Figure 8, these tropical systems appear to be coordinated
by the longer waves so as to produce a somewhat larger correlation length scale.
The shorter correlation length scales for variations in southern midlatitudes as
compared with northern midlatitudes reflects the weaker stationary wave activity
in that hemisphere: the stationary waves are generally longer wavelength than the
transient waves (Pandolfo, 1993). Even with a smaller correlation length scale, the
cloudiness is generally more nearly complete in southern midlatitudes (cf. Figure
8c).

The tendency of clouds to form ‘thin’ layers (i.e., to have vertical extents
smaller than their horizontal extents) is illustrated by comparing the variability of
ISCCP cloud top pressures within small local regions of about 280 km size with
the geographic variation of cloud top pressures averaged over these small domains
(Figure 11). Generally, the local variations of cloud top pressure are less than half
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ISCCP-C1 April 1988
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Average Small Scale Variation
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Fig. 11. Frequency distribution of the subgrid scale (< 280 km) standard deviation (X PC) of ISCCP
cloud top pressures normalized by the corresponding mean cloud top pressure (PC). The standard
deviation of the mean values over the globe is indicated by an arrow.

as large as they are from region to region; however, there is a significant number
of systems with much larger local varibilities. In contrast, the magnitude of local
variability of cloud optical thickness (not shown) is only about one quarter of the
regional variations.

The importance of cloud top pressure variations is also apparent in its temporal
power spectrum, averaged around the equator, when compared with the power
spectrum of cloud amounts (Figure 12). The suppressed diurnal and semi-diurnal
cycles in ISCCP total cloud amount result from the different phases of differ-
ent cloud types (Cairns, 1995); however, these changes of cloud types appear as
stronger, more coherent changes in the cloud top pressure over the day in the tropics
(cf. Fu et al., 1990). The suppression of the diurnal cycle in cloud amount is also
related to the averaging with longitude: Figure 13 shows the autocorrelation of
the zonally averaged cloud amount time series (solid line) and of a small region
in equatorial Africa. The zonal average ISCCP cloud amount is correlated over =
2 days while the correlation over Africa exhibits a diurnal fluctuation. Unlike the
midlatitude example (Figure 7), the diurnal cycle is more apparent locally in the
tropics because phase differences among different locations nearly eliminate any
variation in the zonal average. This demonstrates, again, the association of short
time scales with small spatial scales.

The larger scale (> 30 days) temporal variability of clouds can be compared to
their regional variations by employing an EOF analysis of global, monthly mean
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Fig. 13. Temporal autocorrelation functions of cloud amount variations for December 1987 to March
1988, using three hour samples from ISCCP for a time series that was interpolated and then shifted
to local time at each longitude and spatially averaged around the equatorial zone (solid line) and a
time series that was averaged over a 500 x 500 km? area in equatorial Africa at the same latitude
(dashed line).

maps of cloud amount, optical thickness and cloud top pressure from ISCCP. We
find that the first principal component of all three cloud properties is the time
mean geographic variation (Figure 14). In the case of cloud amount and cloud top
pressure, the regional variations account for about 65-70% of the total variance;
but regional variations of cloud optical thickness account for only about 35% of
the total. The next two principal components represent the annual cycle of cloud
properties (Figure 14), accounting for another 15% of the variance of cloud amount
and top pressure. The annual cycle of cloud optical thickness, on the other hand,
accounts for almost 25% of the total variance. A few percent of the variation of
cloud top pressure and optical thickness appears in a semi-annual cycle. Over
longer periods of time, the dominant fluctuation in cloud properties is associated
with the El Nifio/Southern Oscillation (ENSO) phenomenon that accounts for 2-4%
of the total variation in high cloud amount. The temporal variation of the ‘ENSO’
eigenvector of high cloud amount is shown for the NIMBUS-7 and ISCCP data
records in Figure 15. That these variations are associated with the ENSO variation
can be deduced only from the combined data record — each dataset alone has only
one example making the interpretation ambiguous — showing the value of long
continuous data records for diagnosing climate change.
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Fig. 14a,

Figure 16a shows an infrared image of the western equatorial Pacific region
from GMS-4 satellite with a spatial resolution of 5 km (these data were prepared
for the TOGA-COARE, Flament and Bernstein, 1993). This area was selected to
illustrate the coupling of space and time scales because it is dominated by smaller
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Fig. 14b.
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scale motions and convective cloud structures. Hourly images like the one in Figure
16a are averaged over different time intervals: Figures 16b and 16¢ show the 24-hr

and 240-hr averages. The visual impression of ‘smoothing’ or removal of smaller

spatial scales as the averaging time period is increased is quantified in Figure 17,

\
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Figs. 14(a)—(c). Time series derived from a principal components analysis of ISCCP global, monthly
mean data for the period July 1983 to June 1991 for: (a) cloud amount; (b) cloud top pressure; and
(c) cloud optical thickness. The first four significant eigenvectors are shown and the percent of the
total variance that they explain is indicated.
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which shows the evolution of the one dimensional Fourier power spectra. Most of
the power is actually at spatial scales > 500 km, despite the visual predominance
of small scale ‘texture’. This means that the dominant variations of clouds that
cause significant changes in radiative fluxes occur at these larger space scales. The
slope of the spectrum is about —5/3 at scales larger than 300 km, but about -2.5
at smaller scales. Time averaging reduces the power at all scales < 500 km by at
least one order of magnitude. Notably, there is not much difference between the
spectrum for 24-hr and 72-hr averaging periods, suggesting little spatial variability
associated with times in this range. Most of the spatial variability at scales < 500
km is eliminated when averaging over one complete diurnal cycle, but about half
the decrease is produced by averaging over 3 hr for scales < 100 km. The largest
scales (> 1000 km) are not affected until averaging over 240 hr. The spectral slope
of the time-averaged data is about —2.

4. Sampling Uncertainties

Monitoring of long-term changes in global cloudiness that are significant to climate
change requires observations that provide adequate sampling of the variability of
clouds described above. The requisite statistical accuracy obtained from a cloud
observing system can be estimated by determining the magnitude of changes in
global mean cloud properties that would produce changes in the mean radiation
balance of Earth that are >0.5 Wm™2, about 25% of the forcing already produced
by increased greenhouse gas abundances (cf. Hansen ez al., 1993). Based on calcu-
lations of the radiation budget using the observed atmospheric, surface and cloud
properties (see also Zhang et al., 1995), such a change in the radiation budget
would be produced by changes of cloud amount, top pressure, optical thickness
and particle radius of ~ 1%, ~ 10 mb, ~ 0.15 and ~ 0.3 pm, respectively. Figure
18 shows a possible ‘signal’ that should be detected by a cloud monitoring system:
the eight year record of global cloud cover (deviation from the mean) from ISCCP
shows a slow variation of 4 2% that appears to be associated with the ‘cycle’ of
El Nifio events during this period (see Figure 15). The ~ 1% variations on short-
er time scales (roughly month-to-month) may represent the ‘noise-level’ in these
results.

If the purpose of monitoring cloud changes goes beyond merely detecting
change to diagnosing the effects of the change, then the observing system must
not only provide sufficient sampling density but also provide complete global
coverage. The reason for this additional requirement is that, even when the global
mean cloud cover does not change, the location of the clouds can: incomplete
observation of the globe would not distinguish between these two cases. To illustrate
the effect of partial coverage, we re-calculated the ‘global’ monthly mean cloud
amounts from the ISCCP dataset shown in Figure 18 using the spatial coverage
obtained in the analysis of surface temperatures by Hansen and Lebedeff (1988),
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Fig. 17. Spatial power spectra of the infrared brightness temperatures for longitudinal strips through
the western equatorial Pacific region shown in Figure 16 (averaged over all latitudinal bands to reduce
variance of the spectral estimate). The spatial spectra are evaluated after the brightness temperatures
have been averaged over the time intervals indicated: 1 hour (single image), 3 hours, 24 hours, 72
hours and 240 hours.

which covers about 80% of the globe by assuming that each observation represents
rather large areas (~ 1000 km across). If we compare months that have nearly
identical original average cloud amounts (within 0.5%), the range of average cloud
amounts produced from the partial dataset is almost three times larger. In other
words, the apparent cloud amount variation is almost three times ‘noisier’ than
it actually is. Hence, diagnostic monitoring of clouds requires globally complete
observations that are only feasible from satellites.

The sampling of clouds required to detect changes must also be ‘dense’ enough
to acquire proper statistics for the significant time and space scales of cloud varia-
tion. In the previous section we have shown that the smallest variation time scale
that persists in the long-term statistics is the diurnal scale (actually the semi-diurnal
scale — Figure 12), whereas most of the variation at spatial scales < 500 km is elim-
inated in long-term averages (Figure 17). Thus, cloud observations must provide
an unbiased sample of the diurnal cycle, but only need a sufficiently small spatial
sampling interval to get enough samples of the smaller spatial scale variations.

Global coverage and diurnal sampling cannot be accomplished with observa-
tions from one satellite (Salby, 1982); hence, the minimum satellite observing
system for cloud monitoring is two satellites (Figure 19) (Brooks et al., 1986;
McConnell and North, 1987; Shin and North, 1988; Bell ez al., 1990). One satellite
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Fig. 18. Variation of the globally averaged, monthly mean cloud amount deviation from the average
over the period July 1983 through June 1991 from the ISCCP dataset.

provides global coverage at two times of day and one satellite provides statisti-
cal coverage of the diurnal variations at lower latitudes. This minimum system
is sufficient to produce accurate averages, including an accurate average diurnal
cycle; however, this system is not sufficient for diagnosis of the effects of cloud
changes because it cannot describe possible changes in the diurnal variation of
clouds. Although an average diurnal cycle can be obtained statistically, its accur-
cay depends on an assumption that the diurnal cycle has not changed over some
time period. Hence, the diagnostic requirement demands a satellite system that
actually resolves the diurnal time scale, which can be done with three, properly
separated, sun-synchronous polar orbiters (Figure 19). Similarly although sam-
pling along the satellite nadir track is sufficient for monitoring changes in global
mean cloud properties (Hansen et al., 1993), in order to detect possible shifts in
storm tracks or near-coastal cloudiness, observations from scanning instruments
are preferable.

To test various cloud observing strategies, we simulated the observations of two
satellites with the orbits like those illustrated in Figure 19 (upper panel) by sampling
the full ISCCP cloud dataset that has an effective resolution of 30 km and 3 hr. The
ISCCP dataset is, itself, a sample of satellite observations with an original spatial
resolution of about 5 km; but this sample has been shown to capture the statistics
of the original 5 km data (Seze and Rossow, 1991a, b). For this test, we collect 6-9
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Fig. 19. Two alternative satellite sampling strategies for adequate diurnal sampling illustrated by
showing the coverage of time-of-day for each day of the month. The upper panel shows the sampling
from one sun-synchronous polar orbiter and an inclined orbiter that drifts in diurnal phase during the
month, while the lower panel shows the sampling from three sun-synchronous polar orbiters.
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Fig. 20. Frequency distribution over the whole globe of the differences in the regional monthly
mean cloud amounts produced from the combined nadir samples of a polar orbiter and an inclined
orbiter compared with the full ISCCP sampling. Both datasets are averaged at three different map
grid resolutions: 2.5° (solid line), 5.0° (dashed line) and 10° (dotted line).

pixels at each location along the satellite ground track to represent nadir sampling
from two satellite orbits. Since we only select a subset of the ISCCP pixels, there is
no measurement error, only sampling error in the comparison of the sampled and
original data. We focus on cloud cover because its bi-modal frequency distribution
(Figure 2) implies a very large natural variability (= 30-40%) that produces large
sampling effects. The frequency distribution can be thought of as a probability
distribution for a single sample (Warren et al., 1986, 1988), so that more than 1000
samples are required to reduce sampling uncertainty below 1%.

To evaluate the accuracy of the sampled dataset, we first calculate the monthly
mean cloud cover for each region on Earth on three map grids: 2.5°, 5° and 10°.
This is done for the full ISCCP and sampled datasets. We also calculate these
averages over three months (one season). The mapped values from the sampled
dataset are compared with the full ISCCP values (considered to be the truth) and the
frequency distribution of the differences collected. Figure 20 shows these difference
distributions for one month averages. Enlarging the averaging domain from 2.5°
to 10° decreases the standard deviation of the differences from ~ 8% to =~ 3% and
averaging over three months (not shown) decreases the standard deviations from
= 8% to = 5% for the 2.5° map grid and from =2 3% to = 2% for the 10° map grid.
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Fig. 22. Variation of the globally averaged, surface visible reflectances over the period July 1983
through December 1993 as deviations from the average values over the NOA A-9 results in the middie
panel. The upper panel shows the prelaunch calibration for NOAA-7, NOAA-9 and NOAA-11 and
next two panels show the results of two analyses to remove the calibration discontinuities. The
remaining anomaly in 1991-1992 is caused by the Pinatubo volcanic aerosol.

The bias error in the global mean cloud amount is < 0.5% for all cases. Thus, the
sampling error by the minimum (two-satellite) observing system would just allow
measurement of the cloud amount changes shown in Figure 18.

The bias error introduced by incomplete diurnal sampling is illustrated by com-
paring the results obtained only from the sun-synchronous polar orbiter (samples
roughly at 0230 and 1430 local time) with the full ISCCP results (cf. Salby, 1988b;
Bell et al., 1990); Figure 21 shows the distribution of differences in monthly mean
cloud amounts. Although the global mean bias is not too large, the shape of the
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difference histogram clearly shows that biases are much larger in some regions
where the amplitude of the diurnal cycle is larger.

5. Calibration

Since small changes in the physical properties of clouds can produce important
changes in the radiation balance, a cloud monitoring system must also maintain
a uniform relative calibration over the whole data record. For example, to detect
changes of cloud top pressure of 10 mb requires a relative calibration accuracy of
satellite-measured IR radiances of about 0.2% (= 0.5 K in brightness temperature);
to detect a change of cloud optical thickness of 0.15 requires a relative calibration
accuracy of visible radiances of about 1%. To monitor changes in cloud types
requires that the calibration be maintained consistently over all wavelengths used.
With today’s satellite instruments, these relative accuracies are not attainable from
independent information. Figure 22 shows three versions of the visible radiance
calibration for the ISCCP dataset; only the ‘pre-launch’ calibration is independent
information. The remaining two calibrations use the time record of observations
of Earth’s surface reflectance to remove differences between different radiometers
in the series and to remove sensor sensitivity changes. Note, however, that this
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Figs. 23(a)—(b). Time series associated with the first principal components of monthly mean surface
solar insolation calculated from ISCCP cloud properties with: (a) the initial ISCCP calibration (second
panel in Figure 22); and (b) the revised ISCCP calibration (third panel in Figure 22). The magnitude
of the trend in (a) is about 16 Wm™2 and in (b) no more than 2 Wm™2. The x-axis represents a time
period of eight years, July 1983-June 1991.

procedure must assume that Earth is, on average, a constant radiometric target,
hence, there is no independent determination as to whether this is actually the case.
Figure 23a shows the first principal component of the monthly mean surface solar
insolation determined from the ISCCP cloud properties derived with the second
calibration. The presence of two small residual (< 10%) discontinuities in the
second calibration produces a spurious trend in the surface insolation record with
an overall variation of about 16 Wm™2 (= 8% of the global annual mean value).
Removal of these two discontinuities in the third calibration also removes the trend
(to within 2 Wm™?2) in the surface insolation record (Figure 23b). The current
ISCCP results exhibit an apparent decreasing trend in cloud optical thickness and
cloud top temperature, most of which appears to be associated with the calibration
discontinuities (Klein and Hartmann, 1993).
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6. Necessary Attributes of Cloud Monitoring System

Based on this review and assessment of the characteristics of cloud variations,
we can briefly outline some of the necessary attributes of a cloud monitoring
system.

1. complete global coverage with uniform density;

2. spatial sampling interval < 50 km;

3. sampling frequency > 6 times per day;

4. record length > 10 years with uniform density.

To maintain uniform instrument calibration to the needed very high precision
(=~ 1%), overlapping observations between each pair of instruments in the series
are essential. Moreover, if actual climate changes are to be detected, calibration
must be obtained from information independent of the climate.
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